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HIGHLIGHTS 


GRAPHICAL  ABSTRACT 


►  A  novel  ceria-based  solid  oxide  fuel 
cell  (SOFC)  was  designed  employing 
barium-containing  anode. 

►  A  thin  electron-blocking  layer  was 
formed  in  situ  at  the  anode/elec¬ 
trolyte  interface. 

►  The  electron-blocking  layer  elimi¬ 
nated  the  internal  short  circuit  of 
ceria-based  SOFC  effectively. 

►  The  new  cell  can  output  excellent 
power  performances  at  low 
temperatures  at  high  efficiency. 
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ABSTRACT 

A  novel  solid  oxide  fuel  cell  (SOFC)  is  designed  and  investigated  in  this  work.  Barium-containing  anode  is 
employed  for  Ceo.sSmo^Ch-d  (SDC)-based  SOFC.  SEM  and  EDX  results  show  that  barium  diffuses  from  the 
anode  to  the  electrolyte  and  a  thin  BaO— Ce02— S1TL2O3  ternary  composite  interlayer  is  formed  in  situ  at 
elevated  temperatures.  The  interlayer  is  electron-blocking,  and  eliminates  the  well-known  internal  short 
circuit  in  the  SDC  electrolyte  membrane  completely.  Consequently,  the  open  circuit  voltages  (OCVs)  of 
the  cell  are  improved  significantly  and  achieve  as  high  as  1.04, 1.06, 1.07,  and  1.08  V  at  700,  650,  600,  and 
550  °C,  respectively,  for  the  cell  co-fired  at  1350  °C.  Notably,  the  new  cell  still  outputs  221  mW  cm-2  at 
a  voltage  of  0.9  V  at  600  °C,  while  the  traditional  ceria-based  cell  cannot  output  any  performance  at  all  at 
such  a  high  voltage.  The  results  demonstrate  that  this  novel  structured  cell  exhibits  great  potential 
working  at  low  temperatures  at  high  efficiency. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Solid  oxide  fuel  cell  (SOFC)  is  the  most  efficient  electrochemical 
device  for  converting  chemical  energy  directly  into  electrical 
energy.  However,  the  widespread  commercial  application  of  SOFC 
still  has  a  long  way  to  go,  which  is  mainly  caused  by  the  high 
operating  temperature.  High  operating  temperature  not  only  limits 
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materials  selection  but  also  results  in  high  fabrication  cost  and 
performance  degradation  rate.  Hence,  reducing  the  operating 
temperature  to  intermediate  or  lower  temperatures  is  the  top 
priority  for  SOFC  nowadays  [1-5].  The  decrease  of  operating 
temperature  demands  an  electrolyte  with  high  ionic  conductivity  at 
reduced  temperatures.  Compared  with  the  conventional  oxide 
ionic  conductor  yttria-stabilized  zirconia  (YSZ),  rare  earth-doped 
ceria  exhibits  sufficiently  high  oxide  ionic  conductivity  and  is 
considered  to  be  a  very  promising  alternative  electrolyte  material 
for  intermediate/low-temperature  SOFC  [1,3, 5, 6].  Therefore,  SOFC 
based  on  doped  ceria  electrolyte  has  been  attracting  more  and 
more  attention  in  the  past  two  decades.  However,  Ce4+  in  ceria  can 
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be  easily  reduced  to  Ce3+  in  reduced  atmospheres  at  elevated 
temperatures  [7-9].  The  reduction  behavior  would  not  only  lead  to 
mechanical  degradation  of  the  electrolyte  due  to  the  crystal  lattice 
expansion  but  also  induce  n-type  electronic  conduction  through 
the  electrolyte.  The  n-type  conduction  behavior  induces  partial 
internal  short  circuit,  and  then  results  in  remarkable  decrease  of 
open  circuit  voltages  (OCVs)  of  a  fuel  cell  [10,11].  Low  OCVs  mean 
low  energy  efficiency  for  the  cell  and  lead  to  obvious  energy  losses, 
which  is  undesirable  in  practical  applications  [5]. 

To  overcome  the  problems  caused  by  the  inherent  drawbacks  of 
doped  ceria,  various  strategies  were  developed.  Depositing  a  thin 
YSZ  film  on  the  doped  ceria  electrolyte  membrane  via  sputtering  or 
sol-gel  coating  process  was  widely  employed  to  block  electronic 
conduction  [7,12-14].  After  introducing  a  3-pm-thick  YSZ  thin  film, 
the  OCV  of  the  cell  with  gadolinium-doped  ceria  electrolyte 
increased  from  0.59  V  to  1.05  V  at  800  °C  [13].  However,  it  must  be 
noted  that  the  YSZ  layer  will  increase  ohmic  resistance  of  the  cell 
due  to  the  lower  ionic  conductivity  of  YSZ  at  low/intermediate 
temperatures.  Therefore,  it  is  necessary  to  investigate  highly 
conductive  alternatives  as  electron-blocking  layer  for  cells  based  on 
doped  ceria.  Wachsman  et  al.  proposed  a  graded  ceria/bismuth 
oxide  bi-layered  electrolyte,  where  highly  conductive  bismuth 
oxide  acted  as  the  electronic  barrier,  and  fabricated  very  high 
performance  cells  with  improved  OCVs  [5,15—19].  However, 
bismuth  oxide  also  seems  not  to  be  a  very  desirable  choice  because 
partial  internal  short  circuit  really  exists  in  such  a  bi-layered  elec¬ 
trolyte  judging  by  OCVs  of  the  cells,  which  are  still  lower  than  1  V  at 
650  °C.  At  the  same  time,  Takashi  Hibino  and  co-workers  intro¬ 
duced  a  thin  doped-BaCe03  layer,  which  is  a  good  mixed  ionic 
conductor,  to  block  the  internal  short  circuit  and  also  obtained 
exciting  results.  In  their  early  work,  they  fabricated  Ceo.8Sm0.202-«5/ 
BaCei_xSmx03_<5  bi-layered  electrolyte  by  coating  BaO  slurry  on 
Ceo.8Sm0.20i.9  (SDC)  pellet  followed  by  a  solid  state  reaction 
between  SDC  and  BaO  [20],  and  they  also  prepared  Ceo.9Gdo.1O1.95 / 
BaCei_xGdx03_<5/Ceo.9Gdo.iOi.95  multilayered  electrolyte  via 
a  similar  technique  [21].  Subsequently,  they  tried  to  fabricate 
multilayered  Ceo.gGdoaOi.gs/BaCeo.sYo^-d/Ceo.gGdoaOi.gs  elec¬ 
trolyte  by  the  tape-casting  process  on  the  Ni-SDC  anode  support, 
using  BaCeo.8Yo.203_,5  as  the  raw  material  in  stead  [22].  The  results 
demonstrated  that  both  methods  could  suppress  the  electronic 
current  through  the  electrolyte  membrane  effectively. 

Here,  we  propose  a  new  and  facile  strategy  that  a  barium- 
containing  anode,  Ni-BaZr0.iCeo.7Y0.203_«5  (Ni-BZCY)  cermet,  is 
directly  employed  for  SDC-based  SOFC.  In  this  case,  a  considerable 
amount  of  barium  in  the  anode  will  diffuse  to  the  SDC  electrolyte 
membrane  and  then  react  with  SDC  forming  a  thin 
Ba0-Ce02-Sm203  ternary  composite  interlayer  in  situ.  It  is 
expected  that  internal  short  circuit  in  the  cell  will  be  suppressed, 
and  correspondingly  improved  OCV  values  can  be  attained. 

2.  Experimental 

2.1.  Synthesis  of  powders 

Ceo.8Sm0.202-<5  (SDC)  powders  used  for  the  electrolyte, 
NiO-BZCY  composite  powders  for  anode  functional  layer  and  BZCY 
powders  for  the  anode  substrate  were  all  synthesized  via  a  citric 
acid-nitrate  gel  combustion  process  [23].  The  as-prepared  SDC 
powders  were  calcined  at  700  °C  for  3  h  in  air,  while  NiO-BZCY  and 
BZCY  powders  were  calcined  at  1000  °C  for  3  h  in  air. 

2.2.  Fabrication  of  fuel  cells 


mechanically,  and  starch  worked  as  the  pore-creating  material. 
NiO-BZCY  composite  powders  synthesized  via  the  combustion 
process  were  used  for  preparing  anode  functional  layer.  The  anode- 
supported  half  cells  were  fabricated  by  a  dry-pressing  method  [24]. 
First,  the  NiO-BZCY  powders  were  pressed  in  a  stainless  steel 
module  to  form  an  anode  substrate  with  a  flat  surface  and  a  certain 
mechanical  strength.  Then,  the  loose  NiO-BZCY  composite 
powders  were  distributed  onto  the  substrate  and  pressed  again. 
Subsequently,  SDC  powders  were  added  and  evenly  distributed 
onto  the  substrate.  The  SDC  powder  layer  was  then  pressed 
together  with  the  anode,  obtaining  the  green  half  cell.  The  thick¬ 
ness  of  the  SDC  membrane  could  be  controlled  by  varying  the 
amount  of  SDC  powders.  Finally,  the  green  half  cells  were  co-fired 
at  1100,  1150,  1200,  1250,  1300  or  1350  °C  for  5  h.  For  compar¬ 
ison,  typical  SDC-based  half  cells  were  also  fabricated  via  the  same 
dry-pressing  method.  SDC,  NiO  and  starch  mixed  in  a  weight  ratio 
of  40:60:20  were  used  as  anode  powders.  The  half  cells  were  co¬ 
fired  at  1400  °C  for  5  h  to  get  a  dense  SDC  electrolyte  membrane. 
Sm0.5Sro.5Co03_5-Ceo.8Smo.202-,5  (SSC-SDC)  composite  slurry  was 
brush-painted  on  the  electrolyte  membrane  and  then  sintered  at 
950  °C  for  3  h  in  air  to  form  a  porous  cathode  layer. 

2.3.  Electrochemical  measurement  and  other  characterizations 

Single  cells  were  tested  in  a  home-made  cell  testing  system  with 
humidified  hydrogen  (2%  H20)  as  the  fuel  and  the  static  air  as  the 
oxidant,  respectively.  The  flow  rate  of  fuel  gas  was  about 
40  ml  min^1.  Ag  paste  was  applied  to  the  cathode  as  a  current 
collector  and  Ag  wire  was  employed  as  the  conducting  wire.  I—V 
curves  of  the  cells  were  collected  with  a  DC  Electronic  Load 
(ITech  Electronics  model  IT8511)  based  on  the  two-probe  configu¬ 
ration.  The  electrochemical  impedance  spectra  (EIS)  of  the  cells 
were  measured  under  open  circuit  conditions  using  an  impedance 
analyzer  (CHI604B,  Shanghai  Chenhua).  A  5  mV  a.c.  signal  was 
applied  and  the  frequency  was  swept  from  100  kHz  to  0.1  Hz.  The 
spectrum  curve  fitting  was  performed  using  the  ZSimpWin  Soft¬ 
ware.  Phase  structure  was  identified  by  an  X-ray  diffractometer 
(Rigaku  TTR-III)  using  CuKa  radiation.  A  scanning  electron 
microscopy  (SEM,  JEOL  JSM-6700F)  equipped  with  an  energy- 
dispersive  X-ray  spectroscopy  (EDS)  system  was  used  to  perform 
the  microstructure  and  chemical  analysis. 

3.  Results  and  discussion 

Fig.  1  shows  the  SEM-EDS  analysis  in  line-scan  mode  at  the 
anode/electrolyte  interface  of  a  cell  co-fired  at  1350  °C  for  5  h. 
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Electron-blocking  layer 


The  NiO-BZCY  powders  for  anode  substrate  were  prepared  by 
mixing  BZCY,  NiO  and  starch  in  a  weight  ratio  of  40:60:20 


Fig.  1.  SEM-EDS  analysis  in  line-scan  mode  at  the  anode/electrolyte  interface  of  the 
cell  co-fired  at  1350  °C  for  5  h. 
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Obviously,  an  interlayer  containing  Ba,  Ce,  Sm,  and  a  slight  bit  of  Ni 
can  be  observed  at  the  anode/electrolyte  interface,  indicating  that 
the  element  diffusion  of  Ba  and  Ni  from  the  anode  to  the  SDC 
electrolyte  membrane  occurred.  Given  Zr  and  Y  only  occupy  very 
few  portions  in  the  anode,  the  diffusion  behavior  of  Zr  and  Y  was 
ignored  here.  It  can  be  found  that  Ni  only  existed  in  the  area  very 
near  to  the  anode,  which  will  not  contribute  electronic  conduction 
through  the  electrolyte  membrane.  Notably,  the  content  of  Ba  and 
Ni  decreased  gradually  with  the  distance  getting  far  away  from  the 
anode.  The  diffusion  behavior  was  also  confirmed  by  the  result  of 
the  SEM-EDS  analysis  in  area-scan  mode  (Fig.  SI ).  According  to  the 
element  distribution,  it  can  be  concluded  that  a  thin 
Ba0-Ce02-Sm203  ternary  composite  interlayer  was  formed  just  at 
the  anode/electrolyte  interface.  Moreover,  the  XRD  pattern  of  the 
electrolyte  membrane  surface  (Fig.  2)  showed  that  only  peaks 
corresponding  to  fluorite-structured  Ceo.8Smo.202-<5  (SDC)  could  be 
found,  indicating  that  the  electrolyte  was  exactly  a  bi-layered 
membrane. 

Fig.  3  shows  the  OCVs  of  the  cell  co-hred  at  1350  °C,  as  compared 
with  the  theoretical  Nernst  voltages  and  OCVs  of  those  typical 
doped  ceria-based  cells.  Owing  to  the  well-known  internal  short 
circuit,  the  OCVs  of  the  doped  Ce02-based  cells  generally  range 
from  0.89  to  0.75  V  at  temperatures  between  550  and  700  °C. 
Surprisingly,  the  OCVs  substantially  increased  after  introducing  the 
Ba0-Ce02-Sm203  interlayer,  and  achieved  as  high  as  1.04,  1.06, 
1.07,  and  1.08  V  at  700, 650,  600,  and  550  °C,  respectively.  The  OCVs 
were  already  very  close  to  the  theoretical  Nernst  voltages,  espe¬ 
cially  compared  with  the  values  of  those  traditional  ceria-based 
cells,  revealing  that  the  interlayer  definitely  blocked  the  elec¬ 
tronic  current  through  the  electrolyte  membrane  effectively.  Most 
importantly,  the  improved  OCVs  ensure  that  the  cell  can  work  at 
much  higher  voltage  efficiency  and  ultimately  total  efficiency  now. 
As  reported,  Ba0-Ce02-Ln203  (Ln  =  Sm  and  Gd)  ternary  system 
actually  consists  of  two  phases  of  acceptor-doped  BaCe03  and  Ce02, 
and  BaCe03-based  ionic  conductor  can  effectively  block  electron 
transport.  Thus,  the  OCVs  of  the  fuel  cell  increased  significantly 
when  the  BaCe03-Ce02  based  composite  conductors  were  used  as 
electrolyte  in  stead  of  doped-Ce02  [31,32].  For  example,  the  OCV 
value  achieved  0.976  V  for  BaCeo.sSmo^C^-^-Ceo.sSnif^Cb-^ 
(BCS-SDC,  weight  ratio  1:1)  electrolyte  and  0.95  V  for 
BaCe0.8Gdo.203_,5-Ceo.8Gdo.202-5  (BCG-GDC,  molar  ratio  2:3). 
Similarly,  the  incorporated  BaO-Ce02— Sm203  interlayer  should  be 


Fig.  2.  XRD  pattern  of  the  surface  of  the  as-prepared  electrolyte  membrane  co-hred  at 
1350  °C  for  5  h. 


Fig.  3.  OCVs  of  the  novel  cell  co-hred  at  1350  °C  for  5  h,  as  compared  with  the 
theoretical  Nernst  voltages  and  OCVs  of  those  typical  doped  ceria-based  fuel  cells 
reported  in  literatures. 

responsible  for  the  OCV  improvement  of  the  new  cell.  For  the 
contribution  to  block  electron  transport,  the  Ba0-Ce02-Sm203 
interlayer  is  referred  to  as  an  electron-blocking  layer. 

Notably,  considerable  diffusion  behavior  of  Ba  still  occurred 
when  the  cell  was  co-hred  at  a  low  temperature  of  1100  °C,  and 
correspondingly  the  electro-blocking  layer  was  also  formed.  As  is 
well-known,  element  diffusion  rate  is  highly  dependent  on  the 
temperature,  and  hence  the  thickness  of  the  electron-blocking 
layer  should  be  closely  related  with  the  co-firing  temperature. 
Fig.  4  shows  the  estimated  thickness  of  the  electron-blocking  layer 
formed  at  various  co-firing  temperatures.  The  thickness  of  the 
electron-blocking  layer  got  thinner  with  the  co-firing  temperature, 
and  ranged  from  about  3  to  0.7  pm  with  decreasing  the  co-firing 
temperature  from  1350  to  1100  °C  for  5  h.  Meanwhile,  the  elec¬ 
trolyte  membrane  density  was  also  highly  dependent  on  the  co¬ 
firing  temperature.  The  SEM  images  of  the  surface  morphologies 
of  the  electrolyte  membranes  sintered  at  different  temperatures  are 
shown  in  Fig.  5.  As  can  be  seen,  the  membrane  didn’t  get  dense  till 
co-hred  at  temperatures  higher  than  1200  °C.  Also,  the  grain  size  in 
the  membrane  gradually  grew  larger  and  larger  as  increasing  the 
co-firing  temperature.  As  expected,  the  OCVs  of  the  cells  with  dense 
electrolyte  membranes  were  all  higher  than  1.02  V  at  700  °C,  as 
shown  in  Fig.  6,  and  the  results  further  evidenced  that  the 


Fig.  4.  Estimated  thickness  of  the  electron-blocking  layer  formed  at  different  co-firing 
temperatures. 
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Fig.  5.  SEM  images  of  the  surface  morphologies  of  the  electrolyte  membranes  co-fired  at  different  temperatures. 


interlayer  was  electron-blocking.  Moreover,  the  OCVs  of  the  cell  co¬ 
fired  at  1150  °C  still  achieved  as  high  as  0.93, 0.97, 1.03,  and  1.04  V  at 
700,  650,  600,  and  550  °C,  respectively.  However,  as  can  be  seen 
from  Fig.  7,  the  electrolyte  membrane  of  the  cell  co-fired  at  1150  °C 
was  not  dense  at  all  except  for  the  electron-blocking  interlayer. 
Given  the  relatively  high  OCVs  of  the  cell,  we  can  conclude  that  the 
electron-blocking  interlayer  formed  at  1150  °C  was  already  quite 
dense  to  block  gas  leakage.  Besides,  Fig.  7  also  exhibits  another 
typical  demonstration  of  the  electron-blocking  interlayer  formed  in 
this  novel  structured  cell. 

To  evaluate  the  cell  performance  after  introducing  an  electron¬ 
blocking  layer,  a  single  cell  co-fired  at  1350  °C  using  SSC-SDC  as 
cathode  was  tested  with  humidified  hydrogen  (2%  H20)  as  the  fuel 
and  ambient  air  as  the  oxidant,  and  the  cell  is  hereafter  referred  to 
as  “Cell-improved”.  Fig.  8  shows  a  typical  SEM  image  of  the  cross 
section  of  the  tested  cell.  The  electrolyte  membrane  was  about 
13  pm  in  thickness  and  fully  dense  without  any  pores.  Moreover, 
the  electrodes  bonded  firmly  to  the  electrolyte  membrane,  sug¬ 
gesting  good  compatibility  between  the  electrodes  and  the  elec¬ 
trolyte  membrane.  Fig.  9(a)  shows  the  I—V  and  power  density 


curves  of  Cell-improved.  The  maximum  power  densities  achieved 
1006,  752,  and  511  mW  cm-2  at  700,  650,  and  600  °C,  respectively. 
In  contrast,  the  maximum  power  densities  of  a  typical  SDC-based 
cell  (the  cell  is  hereafter  referred  to  as  “Cell-unimproved”,  Fig.  S2) 
fabricated  via  the  same  process  as  Cell-improved  were  only  480 
and  364  mW  cm  2  at  650  and  600  °C,  respectively,  as  shown  in 
Fig.  9(b).  Shown  in  Fig.  9(c)  are  the  power  densities  measured  at 
different  output  voltages  for  the  two  cells  at  600  °C.  Clearly,  the 


Fig.  7.  The  SEM  image  of  the  cross  section  of  the  cell  co-fired  at  1150  °C  for  5  h. 


cathode 


electrolyte 


Fig.  8.  A  typical  SEM  image  of  the  cross  section  of  the  tested  Cell-improved. 
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performance  superiority  of  Cell-improved  gets  more  and  more 
significant  with  increasing  the  output  voltage  to  attain  a  high 
working  efficiency.  The  significant  improvement  of  the  cell 
performances  should  be  definitely  attributed  to  the  highly 
improved  OCV  values  of  Cell-improved.  Actually,  the  maximum 
power  densities  of  Cell-improved  were  lower  than  those  best 
values  reported  in  literatures  for  ceria-based  fuel  cells  [3,30],  and 
this  might  be  induced  by  different  electrode  materials  and  fabri¬ 
cation  process  of  fuel  cells.  However,  Cell-improved  exhibited  an 
unsurpassed  advantage  that  it  could  work  at  high  output  voltages, 
which  is  highly  desired  in  practical  devices.  Excitingly,  Cell- 
improved  still  output  221  mW  cm-2  at  a  cell  voltage  of  0.9  V  at 
600  °C,  while  Cell-unimproved  and  other  ceria-based  cells  in 
literatures  could  not  output  any  performance  at  all  at  such  a  high 
output  voltage  [3,25—30].  Moreover,  the  performance  of  Cell- 
improved  is  even  more  superior  to  the  best  reported  perfor¬ 
mances  by  far  of  the  state-of-the-art  proton-conducting  SOFC 
based  on  acceptor-doped  barium  cerate,  such  as  BZCY  and 
BaZro.iCeo.yYo.iYbo.iOs-d  (BZCYYb),  which  is  widely  considered  to 
be  the  most  promising  low-temperature  SOFC  [23,33-38],  as 
shown  in  Fig.  9(d).  The  results  demonstrate  that  Cell-improved  is 
indeed  a  potential  alternative  fuel  cell  working  at  high  efficiency 
while  outputting  excellent  power  densities  at  low  temperatures. 

Interestingly,  the  electron-blocking  layer  also  affected  the 
polarization  resistances  of  the  cell  a  lot.  Fig.  10  shows  typical 
electrochemical  impedance  spectra  (EIS)  of  the  two  cells  measured 
at  650  and  600  °C  under  open  circuit  conditions.  The  intercept 
with  the  real  axis  at  high  frequencies  represents  the  ohmic 
resistance  {R0hm)  of  the  cell,  which  is  mainly  contributed  by  the 
electrolyte  resistance;  the  difference  between  the  high  frequency 
and  the  low  frequency  intercepts  with  the  real  axis  represents  the 
polarization  resistance  ( Rp )  of  the  cell,  which  is  mainly  determined 
by  the  microstructure  of  the  electrodes  and  the  electrode/elec¬ 
trolyte  interfaces.  As  can  be  seen  from  Fig.  10,  the  polarization 
behavior  was  influenced  greatly  when  the  electron-blocking 
composite  was  introduced  to  the  anode/electrolyte  interface.  The 
polarization  resistances  of  Cell-improved  were  unexpectedly  over 
two  times  larger  than  those  of  the  Unimproved-cell.  The  Rp  values 
of  Cell-unimproved  were  only  0.05  and  0.15  Q  cm2  at  650  and 
600  °C,  respectively,  while  the  values  increased  to  0.21  and 
0.46  Q  cm2  for  Cell-improved.  As  reported  previously  [39,40],  the 
internal  short  circuit  current  of  the  electrolyte  could  accelerate  the 
electrode  reaction  including  the  charge  transfer  on  the  surface  and 
the  oxygen-ion  diffusion  into  the  electrolyte,  and  then  leads  to  the 
reduction  of  the  polarization  resistance.  Hence,  the  increased  Rp 
values  of  Cell-improved  should  be  caused  by  the  elimination  of  the 
internal  short  circuit  current  through  the  electrolyte  membrane. 
On  the  other  hand,  the  ohmic  resistances  of  Cell-improved  were 
lower  than  those  of  Cell-unimproved,  and  this  should  be  attrib¬ 
uted  to  the  higher  electrolyte  membrane  density  of  Cell-improved, 
which  is  fully  dense  without  any  pores,  while  obvious  pores  can  be 
observed  in  the  SDC  membrane  of  Cell-unimproved  (Fig.  S2). 
Besides,  the  excellent  anode/electrolyte  interface  microstructure 
should  also  contribute  to  the  lower  ohmic  resistances  of  Cell- 
improved  (Fig.  8).  Although  the  total  resistance  (the  sum  of  Rp 
and  Rohm)  of  Cell-improved  was  somewhat  high,  the  significantly 
improved  high  OCV  ensured  the  excellent  power  performance  of 
the  cell. 


Fig.  9.  (a)  I-V  and  power  density  curves  of  the  Cell-improved  with  electrolyte  co-fired 
at  1350  °C  for  5.  (b)  I—V  and  power  density  curves  of  the  Cell-unimproved  with  SDC 
electrolyte  co-fired  at  1400  °C  for  5.  (c)  Power  densities  measured  at  different  output 
voltages  for  the  two  cells  at  600  °C.  (d)  The  maximum  power  densities  of  Cell- 
improved,  as  compared  with  those  of  the  state-of-the-art  proton-conducting  SOFC. 


W.  Sun,  W.  Liu  /  Journal  of  Power  Sources  217  (2012)  114-119 


119 


Fig.  10.  Electrochemical  impedance  spectra  (EIS)  of  Cell-improved  and  Cell- 
unimproved  measured  at  650  and  600  °C  under  open  circuit  conditions. 

4.  Conclusions 

In  summary,  an  electron-blocking  layer  was  successfully  incor¬ 
porated  via  in  situ  reaction  at  the  anode/electrolyte  interface  when 
the  barium-containing  Ni-BZCY  cermet  was  employed  as  anode  for 
SDC-based  SOFC.  The  thickness  of  the  electron-blocking  layer  was 
dependent  on  the  co-firing  temperature.  The  OCVs  of  the  new 
engineered  cell  were  greatly  improved,  indicating  that  the 
electron-blocking  layer  could  eliminate  internal  short  circuit  in  SDC 
membrane  effectively.  The  new  cell  turns  out  to  be  a  very  promising 
high  efficiency  fuel  cell  working  at  low  temperatures  for  practical 
applications.  Importantly,  this  novel  design  strategy  makes  doped 
ceria  ionic  conductors  become  really  competitive  electrolytes  for 
low/intermediate-temperature  SOFC. 
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